Preconception Radiation/Leukemia/Cancer/Mouse/Human Parental exposure to radiation could induce various kinds of tumors in the next generation. In ICR mice, a large and significant increase of adult types tumor was observed in the F1 offspring after X-ray exposure at spermatozoa and spermatid stages, and less clear increase was observed after spermatogonial exposure. Mature oocytes were resistant upto 1 Gy, but very sensitive to tumor induction at higher doses. While there was no difference in the tumor incidence between acute and fractionated (0.36 Gy at 2 hr intervals) irradiation at post-gonial stages, a large reduction of tumor incidence was observed after spermatogonial and mature oocyte exposure, suggesting some repairs of X-ray damages in these germ cells.
INTRODUCTION
It is a serious public health problem, if a parents' exposure to radiation and chemicals causes tumors in their children. Although the mouse experiment anticipated that parental exposure to radiation and chemicals would induce heritable tumors in the next gener ation1-3), the finding has not been supported by a large scale epidemiological survey of the children of atom-bomb survivors in Hiroshima and Nagasaki until the age of 204).
However, the case control studies in the United States5.6> and China? suggested a higher risk of leukemia and childhood cancer in the children of women who received precon ceptional diagnostic X-ray expouse. Recently, Gardner et al.8 documented a 6 to 8 times higher risk of leukemia (mostly acute lymphatic leukemia) in the children of fathers who were employed at the Sellafield nuclear reprocessing plant (in the United Kingdom) and exposed to more than 100 mSv as external doses before conception, although the total doses were about one-fouth of that in Hiroshima and Nagasaki4'9 . The most puzzling problem is the difference in the epidemiological surveys between Sellafield and Hiroshima/Nagasaki. In this paper, my previous mouse studies2. 3 .10> were reanalysed to fit human studies4-s)
, including some new evidences with different strains of mice. These mouse studies can help to reconcile the problems that lie at the basis for the difference in the human studies.
DIFFERENTIAL SENSITIVITY OF DEVELOPING GERM CELLS
Adult male or female ICR mice (63 to 65 days of age) were exposed to X-rays at doses of 0.36, 1.04, 2.16, 3.6 or 5.04 Gy, and then mated with untreated ICR mice at various intervals after exposure. The irradiated stage of germ cells is indicated by the intervals between X-ray exposure and conception 2,3). F1 offspring were examined for dominant lethals and congenital malformations before birth (on Day 18 of gestation) or for tumors at 8 months . after birth. Details for experimental procedures were given in the previous papersl,2 ) As shown in Fig. 1 , parental exosure to X-rays induced a large increase of tumors in F1 offspring. Spermatid stage was most sensitive to X-rays. Tumor incidence in F1 offspring increased almost linearly with X-ray doses to parental ICR. Less clear dose-response curve was observed by spermatogonial exposure. Oocytes at late follicular stages were resistant to X-rays upto 1 Gy, but very sensitive to higher doses. When X-ray doses were fractionated to small amounts (0.36 Gy) and given at 2 hr intervals, there was no increase of tumor incidence after spermatogonial exposure and mature oocyte exposure, indicating some repairs of X-ray damages in these germ cells. However, such reduction of tumor incidence by dose-fractionation was not observed when spermatozoa and spermatid stages were treated' -3). Among tumors induced in F1 offspring, germ-line alterations causing lung tumors transmitted to the next generation as a dominant mutation3 9 .
To compare with human studies, types of tumors induced in F1 offspring were classified as leukemia and tumors other than leukemia (Tables 1 to 4). Spermatogonial irradiation of ICR mice did not increase the incidence of leukemias in F1 offspring , while post-sperma togonial irradiation resulted in slight (but not significant) increase of leukemia incidence (acute lymphocytic leukemia) with paternal doses of X-rays (Table 1) . However, there was a large and significant increase of tumors other than leukemias (mostly lung tumors) in F1 offspring with paternal X-ray doses (Table 2) , showing higher sensitivity in post spermatogonial stages than spermatogonial stage and apparent fractionation effects in spermatogonia. Oocyte exposure to both acute and fractionated doses of X-rays did not increase the incidence of leukemias in the F1 offspring, while significant increase of tumors Details for experimental procedures were given previously2,3>. Table 1 . Incidence of leukemia in ICR mice after paternal exposure to X-rays before conception
Adult ICR males were irradiated 1 to 28 days or more than 64 days before conception for post gonial or spermatogonial treatment, respectively. For fractionated irradiation, 0.36 Gy of X-rays 2 ,3> . were given at 2 hr intervals. Details were given in the previous reports other than leukemias was observed at higher doses (Tables 3 and 4) . Thus, spermatogonia and oocytes of ICR strain were highly resistant to radiation-induced germ-line alterations causing leukemias. correction, when the figure in a cell is less than 5. 
STRAIN DIFFERENCES IN GERM-LINE ALTERATION CAUSING LEUKEMIA
While preconceptional irradiation of ICR parents induced very low incidence of lym phocytic leukemias in the Fl offspring, if at all (Tables 1 and 3) , different strains LT and N5 developed significantly high incidence of lymphocytic leukemias in the Fl offspring after paternal exposure to X-rays10). When male LT mice were exposed to 5.04 or 3.6 Gy of X-rays at spermatozoa stage, preliminary results indicated 7.4 or 4.5 times higher incidence of leukemias in the Ft offspring than that of unirradiated controls, respectively 10 , while spermatogonial treatment with 3.6 Gy of X-rays resulted in no increase of leukemia as in the case of ICR strain (legend to Fig. 2 ). In contrast to ICR and LT strains, N5 strain developed about 10 times higher incidence of leukemias in the F1 offspring after spermatogonial exposure to 5.04 Gy of X-rays (9/229, 3.9% vs 1/244, 0.4% in controls, p<0.05)10). Furthermore, preliminary results showed about 18 times higher incidence of leukemias after X-ray exposure (5.04 Gy) at spermatozoa stage (legend to Table 5 ). Thus, there are huge differences in the sensitivity to leukemia induction by radiation in F1 between used strains of mice, in addition to the large difference in the sensitivity between treated stages of male germ cells (Fig. 2) . The large difference in leukemia incidence in the F1 offspring among the three mouse strains reflects the difference in genetic predisposition to leukemia induction by radiation.
The number of leukemias per gamete per Gy was 0 to 6.9x 10-3 and 1.9 to 13.8x 10-3 for the treatment of spermatogonia and spermatozoa, respectively (Table 5) . These values were similar to those of dominant skeletal mutations in mice, but about 10 times higher than those of other mouse mutations (7 specific-locus recessive, dominant cataract and dominant enzyme mutations) which involve 7 to 15 gene locill-13>
COMPARISON WITH HUMAN STUDIES
Case-control study of the employees at the Sellafield nuclear reprocessing plants) resulted in 7 times higher risk of lymphatic leukemias in the children of fathers who were exposed to more than 10 mSv as external doses during the 6 months before conception, suggesting the extremely high sensitivity of post-spermatogonial stages of male germ cells to radiations ( Table 5 ). The differential sensitivity of human germ cells to leukemia induction or spermatogonial (open symbols) stage, and then mated with untreated females. In LT and N5 strains, mice were mated 1 to 14 days or 6 months after X-irradiation at a dose rate of 0.5 Gy/min for spermatozoa or spermatogonial treatment, respectively, and F1 offspring were examined for tumors 12 months after birth10). In the preliminary study with LT strain, higher incidence of lymphocytic leukemia was observed in the F1 offspring (3/50, 6.0% and 2/55, 3.6%) after spermatozoa treatment with 5.04 and 3.6 Gy of X rays, respectively, while no increase of leukemia was observed after spermatogonial exposure to 3.6 Gy of X-rays (0/46, 0% vs 2/246, 0.8% in controls). Details of experimental procedures for ICR were given in the previous reports2,3 '10) . However, there is no increase of leukemia incidence in the F1 offspring of atom-bomb survivors in Hiroshima and Nagasaki4). There are several reasons for the difference in human studies. A few F1 offspring of atom-bomb survivors in Hiroshima and Nagasaki were conceived during 6 months after bombing, that is, most of F1 offspring were exposed to atom-bomb radiation at the spermatogonial stage (for males) or at immature oocyte stages (of females) which show the reduced sensitivity to radiation. In fact, there was no increase of leukemias in the F1 offspring of ICR and LT strains after X-ray exposure of these germ cells (Tables 1 and 3, Fig. 2) . In contrast to ICR and LT strains , high incidence of leukemias was induced in F1 of N5 strain not only after post-gonial exposure but also after spermatogonial exposure (Fig. 2, Table 5 ). Such a difference could also account for the different population response of Sellafield and Hiroshima/Nagasaki9).
Even if these possibilities are taken into account, doubling doses for leukemia induction in the F1 offspring in the mouse experiments are 30 to 200 times higher than those in the Sellafield study (the lower the doubling dose, the higher the sensitivity) ( Table 5 ), assuming that the doses estimated by film badges well represent gonad doses in the Sellafield study. The induced rate of leukemia in F1 offspring per paternal dose of radiation was also 3 to 20 times higher in the Sellafield study (Table 5) . However, it is noted that there is a large variance in the risk value of Sellafield study because of its small sample size. Further elucidation remains. Doubling doses in mice and men were calculated as uniparental exposure9), although for human, the "cases"' mothers had a chance to be exposed to radianuclides in the house dust and through their husbands. Induced rate of leukemia per mSv in human study was calculated by the formula; 
PERSPECTIVES
In the mouse experiments, most of tumors induced in the F1 offspring after parental exposure to radiations are adult types tumors in the lung, ovary etc., which are commonly observed in these mouse strains'-3,9,10 Toyoda et al. 15) reported preliminarily that paternal exposure to 0.5 Gy of 252Cf (about 6: % neutron) also induced about 10 times higher incidence of hepatomas which were commonly observed in this strain of mice (B6C3F1). Consequently, germ-line alterations causing tumors elevate (for the most part) the incidence of various kinds of tumors commonly observed in mice9). Such changes might be concerned with an array of genes modifying immunological, biochemical, and physiological conditions which control the tumor incidence. In humans, a paternally derived new mutation of RB gene seems to increase not only the retinoblastoma but also other types tumors such as osteo sarcoma and lung cancer16) (Sasaki, M.S., this volume). The mouse experiments well explain the paternal origin of new mutations, because only the spermatozoa and spermatids are susceptible to very low doses of environmental mutagens ( Fig. 1)1-3) . Furthermore, the DNA alterations produced in the postmeiotic sperm result in both true mutations (heritable) and mutation mosaics (seemingly not heritable) 17). Alternatively, some highly mutable cancer-prone genes might be involved.
Although leukemia incidence has not been elevated in the children of the atom-bomb survivors in Hiroshima and Nagasaki4), we must await to conclude that human beings are resistant to tumor induction in the offspring by preconceptional radiation. The mouse ex periments anticipate that adult type cancer could increase when this population reaches cancer-prone age, as it was in in utero carcinogenesis in man '8 and mice19,20) The work was supported by grants from the Japanese Ministry of Education, Science and Culture, Nissan Science Promotion Foundation, and Inoue Science Promotion Foun dation. The author thank Misses S. Kida, M. Okamoto-Kaji, C. Hisamatsu, M. Maeda and F. Kondo for their assistance.
